Gamma-ray bursts as tracers of star-formation rate and metallicity
  evolution with THESEUS by Vergani, S. D.
Mem. S.A.It. Vol. 75, 282
c© SAIt 2008 Memorie della
Gamma-ray bursts as tracers of star-formation
rate and metallicity evolution with THESEUS
S.D. Vergani1
GEPI, Observatoire de Paris, PSL Universit, CNRS, 5 Place Jules Janssen, 92190 Meudon,
France e-mail: susanna.vergani@obspm.fr
Abstract. The class of long gamma-ray bursts (LGRBs) is associated with the collapse
of the most massive stars, making them a tool to investigate star formation in the early
Universe. Furthermore, thanks to their exceptional brightness, LGRB afterglows can be used
as extra-galactic background sources capable of unveiling the properties of the cold/warm
gas of their hosting galaxies, up to the highest redshifts. Therefore LGRBs allow, uniquely,
the combination of the information on different phases of the gas, through the absorption
lines present in the afterglow spectra and the emission (continuum and lines) properties
obtained from host galaxy photometry and spectroscopy, once the afterglow disappeared.
To date, the main problem to carry out this kind of studies at very high redshift is the
poor number of GRBs detected at z > 5. The THESEUS mission will hugely increase such
number, as it is expected to detect > 100 GRBs at z > 5. Therefore, THESEUS will bring
a unique and fundamental contribution to the understanding of the chemical enrichment of
the universe and of the evolution of galaxies and star formation up to the highest redshift.
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1. GRBs as tracers of star formation
Long-duration GRBs (LGRBs) are produced
by massive stars, and so track star formation,
and in particular the populations of UV-bright
stars responsible for the bulk of ionizing radia-
tion production.
Indeed, different studies pointed out the
possibility to use LGRBs as tracers of star-
formation activity up to the highest redshifts
(e.g.: Robertson & Ellis 2012; Kistler et al.
2013). The advantage of using LGRBs in-
stead of galaxies is that GRB are detected
through their gamma-ray emission and after-
glows which are bright also at high redshift.
On the other hand, most of past works suffer
of the fact that only 30% of GRBs has a mea-
sured redshift, and of the lack of statistics at
high redshift.
In order to use LGRB as star-formation
tracers and LGRB host galaxies as a represen-
tative population of star-forming galaxies, we
need to understand the link between the LGRB
rate and star formation rate, in the following
referred to as LGRB efficiency. Theoretically,
there are various reasons to expect a depen-
dence of the LGRB efficiency on metallicity.
Indeed, most theoretical models predict low-
metallicity for the GRB progenitor star as a
necessary condition to eliminate the progenitor
star hydrogen envelope (which would smother
the jet, and produce emission lines in the GRB-
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Fig. 1. Left: Expected detection rate of GRBs, and uncertainty, of THESEUS compared to Swift. The im-
provement of the number of very high-redshift GRBs reflects in a much smaller error on the rates and
therefore on the SFR density in function of redshift as shown in the right panel. Right: SFR density evolu-
tion, adapted from Robertson & Ellis (2012), showing the simulation of the information on the SFR density
evolution that could be obtained thanks to the GRB detected by the THESEUS mission. Credits: THESEUS
collaboration.
associated supernova that are not observed)
without spinning down the angular momentum
that the central engine needs to launch the jet.
Using the Swift/BAT6 (Salvaterra et al.
2012) and SHOALS (Perley et al. 2016a) com-
plete samples of LGRB host galaxies, respec-
tively, Vergani et al. (2015, 2017), Japelj et al.
(2016), and Perley et al. (2016b) showed that
LGRBs prefer sub-solar metallicity host galax-
ies. This implies that, if metallicity is the only
factor affecting the LGRB efficiency, LGRBs
can be used to trace star formation rate (SFR)
at high-redshift (see also Greiner et al. 2015) as
at that epoch the bulk of star-forming galaxies
fulfil the condition of low-metallicity required
by LGRBs.
During four years of operations THESEUS
will detect more than 100 LGRBs at z > 5,
∼ 10 of which being at z > 10. The substantial
improvement in the GRB detected at z > 7 − 8
will reduce the uncertainties on the rates and
bring to tighter constraints on the SFR density
in function of redshift (see Fig.1).
2. GRBs as tracers of metallicity
evolution
Thanks to their exceptional brightness, only
marginally decreasing with redshift, GRB af-
terglows can be used as powerful extragalac-
tic background sources. The afterglow spec-
trum reveals the signatures of the gas associ-
ated with the GRB host, but also with the IGM
and with other galaxies present along the GRB
line of sight. The spectroscopy of LGRB opti-
cal afterglows provide a unique tool to unveil
the properties of the ISM even in the faintest
and most distant galaxies. The analysis of the
absorption lines bring to a direct measurement
of the column densities of the different ele-
ments present in the interstellar medium (ISM;
neutral hydrogen, metals, molecules...). The
most prominent absorption line seen in high-
redshift GRB spectra is the Lyman-α line of
neutral hydrogen (HI). From the fitting of the
damped Lyman-α (DLA) profile, it is possi-
ble to obtain accurate measurement of the neu-
tral hydrogen column density (NHI). The ab-
sorption lines of different metal species, both
in their low- and high-ionization state, are also
commonly detected. The ratio of the metal and
NHI column densities give a direct determina-
tion of the metallicity of the gas. The metallic-
ity and abundance measurements of the ISM
of LGRB host galaxies can be used to con-
strain the chemical enrichment of star-forming
galaxies in the Universe (see Fig. 2). Indeed,
the association of LGRBs with massive stars
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Fig. 2. Top left: Simulated ELT (European Extremely Large Telescope) spectrum of a GRB at z = 8.2 as
discovered by THESEUS (providing also the arcsec localization and redshift measurement). The S/N pro-
vides exquisite abundance determinations from metal absorption lines, while fitting the Ly-α damping wing
simultaneously fixes the IGM neutral fraction and the host HI column density, as illustrated by the two ex-
treme models: a pure 100% neutral IGM (green) and best-fit host absorption with a fully ionized IGM (red).
From the THESEUS White Paper (arXiv:1710.04638). Top right: Simulated ATHENA/X-IFU spectrum of
a GRB at z = 7 from Jonker et al. (2013) for which THESEUS could provide the detection, arcsec localiza-
tion, and redshift measurement. As can be seen, the combination of the unique capabilities of THESEUS
with the excellent sensitivity and spectroscopic performances of these future facilities (e.g., ATHENA/X-
IFU and ELT) would allow an unprecedented study and comparison of the average composition of the host
galaxy and of the circum-burst environment. Bottom: Absorption-line based metallicities [M/H] as a func-
tion of redshift for GRB-DLAs (blue symbols) and emission line metallicities for GRB hosts (red symbols;
adapted from Sparre et al. 2014). The green points represent the results of the simulation of the metallicity
obtained using a sample of PopII GRB detected by THESEUS at z > 5. The number of events corresponds
to the minimum numbers of the expected GRB detected by THESEUS. Credits: THESEUS collaboration.
also means they are located within the disks /
inner regions of typical star-forming galaxies.
Differently from quasars that probe random
lines of sight through the foreground galaxies,
LGRBs probe the gas associated with the star-
forming regions of their host galaxy.
THESEUS will identify a high number of
GRBs at high redshift (more than 100 at z >
5), providing also the photometric redshift de-
termination for all of them. Therefore, it will
be possible to select these very high-redshift
GRBs so as to obtain high-quality afterglow
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spectroscopy from the ground-based facilities,
identifying the ISM absorption features even at
the highest redshifts (Fig. 2). Thanks to these
observations, it will be possible to study the
chemical evolution of star-forming galaxies, in
principle even beyond z = 10 (Fig. 2).
3. Conclusions
THESEUS will have a unique impact in the
studies of the early universe and galaxy evolu-
tion, by hugely improving the GRB statistics at
high redshift and identifying very-high redshift
GRBs. Both factors are fundamental and will
allow a high-impact use of GRBs as probes
of the high-redshift Universe, determining the
evolution of the star-formation rate density and
metallicity up to the early Universe.
GRBs offer the unique opportunity to in-
vestigate systematically (and in principle at
any redshift) both the cold/warm gas in the
ISM (using the absorption lines seen in the
afterglow spectra) and the ionised gas (using
the emission lines of the host galaxy spec-
tra). For high-redshift faint star-forming galax-
ies, the combination of the information ob-
tained from both diagnostics will not be possi-
ble through standard galaxy studies, even with
the JWST. Instead, LGRBs offer the possibil-
ity to reach this goal up to the highest redshift.
The ground- and space-based follow-up of the
significant number of high-redshift GRBs de-
tected by THESEUS, will provide a unique and
detailed picture of the properties of the popu-
lation of high-redshift galaxies.
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